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Abstract: Heart rate recovery (HRR) after physical exercise is a convenient method to assess
cardiovascular autonomic function. Since stair climbing is a common daily activity, usually followed
by a slow walking or rest, this type of activity can be considered as an alternative HRR test.
The present study explores the feasibility to estimate HRR parameters after stair climbing using
a wrist-worn device with embedded photoplethysmography and barometric pressure sensors.
A custom-made wrist-worn device, capable of acquiring heart rate and altitude, was used to estimate
the time-constant of exponential decay τ, the short-term time constant S , and the decay of heart rate
in 1 minD. Fifty-four healthy volunteers were instructed to climb the stairs at three different climbing
rates. When compared to the reference electrocardiogram, the absolute and percentage errors were
found to be ≤ 21.0 s (≤ 52.7%) for τ, ≤ 0.14 (≤ 19.2%) for S , and ≤ 7.16 bpm (≤ 20.7%) for D in 75%
of recovery phases available for analysis. The proposed approach to monitoring HRR parameters in
an unobtrusive way may complement information provided by personal health monitoring devices
(e.g., weight loss, physical activity), as well as have clinical relevance when evaluating the efficiency
of cardiac rehabilitation program outside the clinical setting.
Keywords: smart wristband; photoplethysmography; barometric pressure; altitude; physical activity;
heart rate response; activities of daily living; long-term monitoring
1. Introduction
Post-exercise heart rate recovery (HRR) has received great interest as a simple non-invasive
approach to assess cardiovascular autonomic function [1–3]. Numerous studies show association
of attenuated HRR with mortality and increased risk of cardiovascular disease, namely, coronary
heart disease, myocardial infarction, and stroke [4–9]. Accordingly, it has been recently encouraged
to include HRR assessment in routine clinical practice [3,10], e.g., as a fast and cheap alternative to
ventilatory expired gas analysis [11]. Since HRR can be improved by cardiac rehabilitation [12–14]
and even weight loss [15–17], monitoring of HRR trend over long run could be of interest when
assessing the effectiveness of exercise training at home environment. Thus far, HRR is assessed using
standardized tests which require specialized equipment and physician’s supervision, making such
approach less convenient for use outside the clinical setting [18].
Advancements in wearable device technology have opened the possibility to estimate HRR in an
unobtrusive way by acquiring heart rate from photoplethysmogram (PPG) signal. Some smartwatch
manufacturers (e.g., Apple, Garmin) offer HRR estimation by allowing to measure how quickly heart
rate returns to normal after intensive physical exercise. However, this principle is inconvenient since it
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requires manual device switching on into a special mode. Also, it is less acceptable for older individuals
to whom interaction with wearable technologies is often complicated. These shortcomings remain
to be solved, preferably by proposing solutions for unobtrusive HRR parameter monitoring without
user intervention.
Given that stair climbing is a common daily activity, usually followed by a slow walking or rest,
this type of activity can be considered as an alternative HRR test, performed in free-living conditions.
Stairs climbed can be successfully detected using a barometric pressure sensor embedded in a wearable
device. Barometric pressure captures altitude changes which is important information when detecting
activities that involve body elevation [19–22].
This paper explores the feasibility to estimate HRR parameters after stair climbing using a
wearable PPG-based device. A custom-made wrist-worn device, capable of acquiring raw PPG
and altitude signals, as well as a consumer smart wristband, which provides heart rate, processed
using proprietary algorithms, were thoroughly investigated. Parts of this research were presented
in the conference paper [23], which reported results of a preliminary comparison study using a pilot
database. This introductory paper has been substantially expanded, most importantly, by providing
comprehensive investigation of HRR parameters on an enlarged database, composed of heart rate and
altitude, recorded during stair climbing at different rates.
This paper is organized as follows. Section 2 describes a method for estimating HRR parameters
after stair climbing using the PPG-based devices. Section 3 presents the results on a database
recorded during stair climbing activities at different climbing rates. The paper ends with a discussion
and conclusions.
2. Materials and Methods
2.1. Data Acquisition
Data collection took place indoors at Santaka Valley, Kaunas, Lithuania. A wrist-worn device,
developed at Biomedical Engineering Institute of Kaunas University of Technology (Kaunas, Lithuania)
was used for synchronously acquiring electrocardiogram (ECG), PPG, and barometric pressure.
The analog front-end ADS1296R (Texas Instruments, Dallas, TX, USA) was used to acquire ECG
at a sampling rate of 500 Hz, the analog front-end AFE4404 (Texas Instruments, Dallas, TX, USA)
to acquire PPG at 100 Hz, and the sensor MS5611-01BA03 (TE Connectivity Ltd., Schaffhausen,
Switzerland) to acquire barometric pressure at 50 Hz with an altitude resolution of 10 cm. Heart rate
from the PPG signal was determined using a peak detector similar to the one described in [24].
For comparison, heart rate and climbed floors were obtained using a smart wristband Fitbit Charge 2
(Fitbit, San Francisco, CA, USA). It should be noted, that the consumer smart wristband does not
provide access to the raw PPG signal, but rather heart rate at intervals of five seconds or longer,
depending on the signal quality.
In fact, consumer wrist-worn devices (smart wristbands, smartwatches) estimate pulse rate
assuming that a time interval between the adjacent pulse peaks in the PPG corresponds to the time
interval between successive heart contractions. PPG-derived heart rate parameters show sufficient
accuracy compared to the reference ECG [25–27] hence we use “heart rate” as a term to refer to pulse
rate further in the paper. Heart rate series is denoted by x, where subscript c refers to the custom-made
wrist-worn device, f to the consumer smart wristband, and r to the reference ECG.
2.2. Study Population
Fifty-four healthy volunteers (18 women), 25.5± 8.1 years old (range 18 to 50 years), with a height
of 177.4 ± 8.5 cm, weight of 73.7 ± 14.4 kg, and body mass index of 23.3 ± 3.9 kg/m2 participated
in the study. All participants met the following criteria: (i) age ≥ 18 years, (ii) without documented
cardiovascular disease, (iii) not taking β-blockers or calcium channel antagonists. The participants
wore the wrist-worn device on the left wrist and Fitbit Charge 2 on the right wrist. A modified bipolar
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lead I, which is the voltage between the electrodes placed on the right and the left upper side of
the chest, was used for acquiring reference heart rate (Figure 1). In accordance with the protocol
of the YMCA bench step test for cardiovascular fitness [28], participants were asked to climb four
floors of 96 stairs in total at different climbing rate, namely, 48, 72, and 96 steps per minute (Figure 2).
To study HRR parameter repeatability, the latter activity was repeated three times. Steady stepping
rate was ensured by an electronic metronome. The participants had to rest in a standing position
for five minutes after each activity, slowly descend the stairs and rest three minutes before the next
activity. The study was conducted in accordance to the ethical principles of the Declaration of Helsinki.
Identifiable information was removed from the collected data to ensure participant anonymity.
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Figure 1. A custom-made wrist-worn device capable of acquiring reference electrocardiogram (ECG)
(xr), photoplethysmogram (PPG) (xc), and barometric pressure (left arm). For comparison, heart rate
(x f ) was synchronously obtained using a consumer smart wristband Fitbit Charge 2 (right arm).
Repeatability study
5 min
rest
48
steps/min
72
steps/min
96
steps/min
96
steps/min
96
steps/min
5 min
rest
5 min
rest
5 min
rest
5 min
rest
3 min
rest
3 min
rest
3 min
rest
3 min
rest
3 min
rest
Figure 2. Protocol for acquisition of heart rate and altitude during standardized stair climbing activities.
2.3. Detection of Stair Climbing Activity
Barometric pressure is related to the elevation of a wrist-worn device above sea level. Since only
the relative change in altitude is informative when detecting stair climbing, barometric pressure was
calibrated by setting the ground floor to 0 m altitude. An activity of stair climbing is determined
as a steady increase of altitude for ≥20 s at a minimum vertical speed of 0.1 m/s (Figure 3a).
These thresholds were chosen empirically based on commonly observed stair climbing rates, as well as
their effect on increase in heart rate, sufficient to induce noticeable heart rate decay.
2.4. Detection of Recovery Onset
Detection of recovery onset in heart rate series is only performed when an activity of stair climbing
is detected in the altitude signal. Our observations show that the duration of full recovery depends on
the climbing rate and usually lasts no longer than 5 min, which is consistent with the duration of HRR
phase, observed when performing submaximal and maximal standardized tests [18].
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When a stair climbing activity is detected, a search for the recovery onset is performed by fitting a
linear polynomial to heart rate series in a sliding window of 1 min. Then, the time interval with the
steepest falling slope is chosen as a suspected recovery interval (Figure 3b). The heart rate series 25 s
before and after the beginning of the steepest falling curve is extracted for fitting 6th order polynomial
function where the maximal value determines the recovery onset (Figure 3b).
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Figure 3. Estimation of heart rate recovery (HRR) parameters in heart rate series with a stair climbing
activity: (a) altitude with the onset of stair climbing at 3 min, (b) detection of the steepest falling slope
in a synchronously recorded heart rate series where the peak in the fitted polynomial corresponds to
the recovery onset, (c) estimation of HRR parameters.
2.5. Estimation of Heart Rate Recovery
With the onset of physical activity, heart rate starts to increase due to parasympathetic withdrawal
and sympathetic activation, whereas decays towards its pre-exercise level after the end of physical
activity due to parasympathetic reactivation and sympathetic withdrawal. Recovery period can further
be divided into the fast and slow phases with different physiological meanings. The fast decrease
in heart rate that occurs immediately after the end of physical activity is entirely due to increase in
parasympathetic activity, driven by the deactivation of central cardiovascular control mechanism in
the brain and the abolished feedback from muscle mechanoreceptors. The subsequent slow decrease in
heart rate results from coordinated parasympathetic-sympathetic interaction, mediated by the reduced
feedback from muscle metaboreceptors and the adjustments in thermoregulation [3].
Heart rate normally recovers in an exponential manner, thus can be approximated by a
mono-exponential model [29,30],
xm(t) = x0 + x∆e−
t
τ , (1)
where x0 is the heart rate at the end of recovery phase, x∆ is the difference between the heart rate
at the beginning and the end of recovery phase, and τ is the time-constant of an exponential decay
(see Figure 3c). The time-constant of the exponential decay τ is associated with parasympathetic
reactivation and sympathetic withdrawal [29].
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The exponential model is fitted in a time interval of 5 min, starting at the recovery onset.
We assume that heart rate achieves at least 95% of full recovery within 5 min after the stair climbing
activity. Based on this assumption, τ > 100 s was considered as a fitting error and therefore
excluded from further analysis. The quality of exponential fitting is determined via the coefficient
of determination R2. Fitting is considered acceptable when R2 exceeds the empirically chosen fixed
threshold of 0.5. Differently from other studies where larger R2 thresholds were used to determine the
acceptable fitting quality [30], the decision for choosing lower threshold was based on the specialty of
the stair climbing activity, which is less intensive than maximal or submaximal trendmill/ergometer
exercise. Since heart recovers faster after stair climbing, manifestation of heart rate variability in the
slow recovery phase may reduce R2 considerably, despite exponential curve matches well with decay
tendencies (Figure 4).
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Figure 4. Examples of exponential fitting to heart rate series after the stair climbing activity. Slower
recovery results in larger R2 values (left column), whereas faster recovery increases heart rate variability
in the slow recovery phase, and thus, reduces R2 to such an extent that fitting is considered no longer
reliable (right column). Note that R2 is often larger for heart rate series acquired using smart wristband
Fitbit Charge 2 due to processed heart rate series using proprietary algorithms, which artificially
reduce variability.
The rapid heart rate decay immediately after the recovery onset, which reflects parasympathetic
reactivation, is characterized by the short-term time constant S [31]. S is found by fitting a linear
polynomial to the logarithm of heart rate. Then, S is the negative inverse of the slope of the resulting
line, expressed as −1/slope. To ensure better reproducibility, S is estimated within the first second
after the recovery onset in a sliding window of 30 s and the lowest value is selected [32].
Decay of heart rate in 1 min, here denoted as D, is a well-established parameter that reflects
parasympathetic reactivation [18]. D is estimated by finding the difference between the heart rate at
recovery onset and the heart rate after 1 min (see Figure 3c).
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2.6. Performance Evaluation
Bland–Altman plots are used to evaluate and display the agreement between the HRR parameters
estimated using the reference and the PPG-based devices, i.e., the wrist-worn device and the
smart wristband.
HRR parameter variation in three consecutive stair climbing activities (repeatability study),
performed on the same participant under nearly identical conditions, is assessed using the repeatability
coefficient which is defined by:
r = 1.96 ·
√
2 · σ, (2)
where σ is an estimate of the within-participant standard deviation, obtained by fitting a one-way
analysis of variance (ANOVA) model to the repeatedly acquired HRR parameters [33]. It is expected
that the difference between the estimated parameters on the same participant will be less than r in 95%
of occasions.
3. Results
Table 1 presents quality analysis of heart rate series acquired during stair climbing. Regardless
of the device used to obtain the data, about 10% of heart rate series were corrupted by artefacts or
had segments of lost data. Much larger number of heart rate series was excluded due to unacceptable
fitting quality (R2 < 0.5), except for the smart wristband. Visual inspection of such excluded recovery
phases revealed that about 20% of them did not met the quality criterion despite the fitted curve
coincided well with the decay tendencies.
Table 1. Quality analysis of heart rate series acquired for a particular climbing rate. The results are
given as the number of heart rate series that satisfy the above stated condition/the total number of heart
rate series. R2 values that met the quality criterion of R2 > 0.5 are given as mean ± standard deviation.
Reference ECG
Stair climbing rate R2 > 0.5 R2 < 0.5 τ > 100 s Corrupted R2 (R2 > 0.5)
48 steps/min 33/54 (61.1%) 11/54 (20.4%) 6/54 (11.1%) 4/54 (7.4%) 0.64 ± 0.12
72 steps/min 38/54 (70.3%) 7/54 (13.0%) 4/54 (7.4%) 5/54 (9.3%) 0.64 ± 0.06
96 steps/min 112/162 (69.1%) 12/162 (7.4%) 17/162 (10.5%) 21/162 (13.0%) 0.68 ± 0.11
Wrist-Worn Device
Stair climbing rate R2 > 0.5 R2 < 0.5 τ > 100 s Corrupted R2 (R2 > 0.5)
48 steps/min 26/54 (48.1%) 16/54 (29.6%) 8/54 (14.8%) 4/54 (7.4%) 0.65 ± 0.09
72 steps/min 32/54 (59.3%) 14/54 (25.9%) 4/54 (7.4%) 4/54 (7.4%) 0.67 ± 0.16
96 steps/min 86/162 (53.1%) 45/162 (27.8%) 16/162 (9.9%) 15/162 (9.3%) 0.66 ± 0.12
Smart Wristband
Stair climbing rate R2 > 0.5 R2 < 0.5 τ > 100 s Corrupted R2 (R2 > 0.5)
48 steps/min 34/54 (62.9%) 8/54 (14.8%) 5/54 (9.3%) 7/54 (13.0%) 0.78 ± 0.13
72 steps/min 35/54 (64.8%) 3/54 (5.6%) 6/54 (11.1%) 10/54 (18.5%) 0.79 ± 0.11
96 steps/min 104/162 (64.2%) 33/162 (20.4%) 16/162 (9.9%) 9/162 (5.6%) 0.84 ± 0.11
Analysis of R2 values for the reference ECG show that a number of heart rate series that satisfy
the quality criterion increases for higher climbing rates, which a consequence of reduced heart rate
variability during the slow recovery phase. As expected, the lowest number of excluded recovery
phases due to R2 < 0.5, as well as the best average fit (R2 = 0.78–0.84) are obtained for heart rate series
from the smart wristband, which can be explained by artificially reduced heart rate variability due
to embedded heart rate averaging. Similar R2 values are obtained for the reference ECG and the
wrist-worn device, being 0.64–0.68 and 0.65–0.67, respectively.
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Figure 5 shows the Bland–Altman plots of HRR parameters estimated from the reference ECG
and PPG-based devices. The absolute and percentage errors were found to be ≤21.0 s (≤52.7%) for τ,
≤0.14 (≤19.2%) for S , and ≤7.16 bpm (≤20.7%) for D in 75% of recovery phases available for analysis.
When comparing PPG-based devices, the parameters S and D show 2.4 and 1.4 times narrower limits
of agreement for the wrist-worn device.
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Figure 5. Comparison of HRR parameters estimated using the wrist-worn device and smart wristband
with respect to the reference ECG at a stair climbing rate of 96 steps/min (data of all three repeated
stair climbing activities were included).
HRR parameter repeatability was assessed only for those participants whose all three repeated
stair climbing activities met the quality criterion of R2 > 0.5 (Figure 6). HRR parameter values
exhibit substantial variability for large part of the participants despite that stair climbing activity was
performed under nearly identical conditions. This finding suggests that physiological factors, such as
previously experienced physical activity, may play an important role on HRR. Both PPG-based devices
show similar repeatability for τ and D, with the exception of S , for which the wrist-worn device is
superior. The smart wristband causes large errors since S is sensitive to the slope of the HRR curve,
which is affected by the heart rate averaging and shifted onset of recovery phase.
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Figure 6. Repeatability of HRR parameters obtained for three consecutive stair climbing activities at
a rate of 96 steps/min. The HRR parameter values are sorted with respect to the first stair climbing
activity. Note that only those participants whose all three repeated stair climbing activities met the
quality criterion of R2 > 0.5 and had no corrupted segments were included in the repeatability study.
Figure 7 displays HRR parameters estimated at different stair climbing rates. The results show
obvious dependence of parameter D on a stair climbing rate, i.e., the difference between the heart rate
at recovery onset and that after 1 min increases as climbing intensity increases. Similarly, the steepness
of the recovery slope S tends to slightly increase for higher climbing rates.
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Figure 7. HRR parameters estimated at different stair climbing rates.
4. Discussion
The aim of the study was to investigate the feasibility to estimate HRR parameters after stair
climbing using a wrist-worn PPG-based device. Thus far, only straightforward information, such as
time spent in a specific heart rate zone, is being provided for self-monitoring and performance feedback
by smart wristband manufacturers. With this study, we seek to take further step towards collecting
more comprehensive information about the health status. The capability to monitor HRR over time
can be relevant both commercially and from the clinical viewpoint. That is, linking HRR trend changes
to other information, provided by personal health monitoring devices, may spark interest from smart
wristband manufacturers. Also, HRR monitoring may facilitate evaluation of the efficiency of cardiac
rehabilitation at home environment.
Considering the application of the proposed approach to HRR monitoring in activities of daily
living, both altitude and heart rate series should preferably be used to detect the recovery onset.
Presumably, the subject will not rest immediately after stair climbing therefore the end of the activity
would not necessarily correspond to the maximum heart rate. Heart rate may increase for some time,
especially after low intensity climbing thus it is not enough to rely on altitude alone and heart rate
series should be inspected to find the precise point of the recovery onset. In addition, unlike the
treadmill/ergometer exercise, which elevates the heart rate up to submaximal or maximal level at
which heart rate variability disappears, stair climbing is often not challenging enough, making the
precise detection of the recovery onset in a variable heart rate complicated. A polynomial fitting was
chosen to obtain a smooth curve in which the maximum value corresponds to the recovery onset.
The goal was to keep the order of the polynomial function as low as possible since higher order model
may have too many inflection points and conform to the tendencies of heart rate variability.
Post-exercise heart recovery can be divided into fast and slow recovery phases [31,34,35]. The fast
recovery phase usually takes about one minute, and is followed by the slow phase which continuous
until heart rate reaches the resting value. A common approach to characterize the fast recovery phase is
to take the difference between the heart rate at recovery onset and the heart rate at 30 s, 1 min, or 2 min.
In this study, the reference point at 1 min (parameter D) was chosen taking into account the elucidated
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clinical significance. Numerous studies show that D ≤ 12 bpm is an independent predictor of both
cardiovascular and all-cause mortality [4,5,36,37]. Differently from D, which reflects a single heart rate
value, the short-term time constant S addresses the slope of the fast recovery phase, and thus, may
represent different HRR characteristics. Meanwhile, the exponential constant τ covers both fast and
slow phases [3]. Decay of heart rate after 5 min of recovery onset is another widely studied parameter
which addresses both fast and slow phases, however, was not included in the study due to its obvious
dependance on D [8,38].
Study shows large within-subject parameter variation, especially τ, even when successive stair
climbing activities were performed under nearly identical conditions. This finding is in agreement
with previous reports that τ is least reproducible, particularly after low intensity exercise [39,40].
Such factors as precise detection of recovery onset, duration of fast recovery phase, heart rate
errors, and heart rate variability during the slow recovery phase might influence the fitting of the
exponential model [18,29]. Considering that HRR parameters often show higher reproducibility
following maximal exercise [41,42], within-subject parameter variation could potentially be reduced at
higher climbing rates. Since this study had a purpose to replicate ordinary stair climbing, unrealistically
high climbing rates, which could reflect submaximal exercise, were not included in the study protocol.
Large parameter variation can also be ascribed to external factors such as previously experienced
physical activity. This cannot be controlled in free-living activities hence should be accepted as an
integral part of the proposed approach to HRR assessment. While a single measurement of HRR would
not be enough to capture effect of a certain exposure (e.g., physical activity, weight loss, etc.), it remains
to be shown whether within-subject variation is acceptable to detect trend changes over long run.
Most studies have utilized resting postures, namely, supine, seated, standing, after physical
exercise, however, complete rest is rare in activities of daily living. Changes in posture (e.g., while
removing clothes and shoes), as well as low intensity activity (e.g., slow walking) can often be
expected immediately after stair climbing. While posture changes may cause substantial alterations in
autonomic function [43], the effect of walking after physical activity is unclear. One of the few studies
demonstrated high reproducibility of HRR parameters estimated during walking after exhaustive
running in athletes [41]. However, the effect of the aforementioned factors on parameter reproducibility
after stair climbing has still to be addressed.
In principal, HRR can be assessed after fast walking [44]. Since stair climbing requires to lift the
body mass against gravity, it is more energy demanding activity, and is therefore a better option to
cause a substantial increase in heart rate. In addition, stair climbing was found to be correlated with
leg power impairment in mobility-limited older adults [45] and motor recovery after brain stroke [46].
The latter information can only be obtained using a specialized equipment, which greatly limits
large-scale applicability, thus the possibility to characterize the properties of stair climbing using
wearable devices deserves further exploration.
High user compliance is crucial to assure gap-free long-term monitoring, making the selection
of device placement site of great importance. Various placement sites have been considered, namely,
trunk, waist, wrist, ankle, pelvis, etc. Physical activity using a wrist-worn device can be assessed
solely via accelerometer in exchange to lower accuracy compared to more motion-resistant placement
sites. Interestingly, by including barometric pressure and by placing the signal acquisition modules
on the wrist, chest and ankles, the accuracy of classifying various activities of daily living was the
highest when the device was placed on the wrist [21]. When detecting stair ascent and descent,
an improvement of 20% in the classification accuracy was achieved [21], emphasizing the importance
of barometric pressure sensor.
Consumer smart wristbands are optimized to save battery life, therefore prefer low PPG sampling
rate (e.g., 25 Hz) and generally do not provide beat-to-beat heart rate. Unsurprisingly, study findings
show that heart rate series from the smart wristband leads to considerable HRR parameter estimation
errors, which is in agreement with the results of our previous work [44]. Regardless of this,
the availability of miscellaneous data (heart rate, steps, climbed floors, etc.) is particularly attractive,
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therefore, can potentially be used for estimating HRR using third party applications. Since only a small
fraction of manufacturers provide access to their data, the smart wristband of only one manufacturer
has been investigated. Other manufacturers may use different signal processing algorithms, thereby
liming the generalizability of the results to different smart wristbands.
The current study has limitations. To meet the requirements of repeatability study, which refers
to the repeated measurements made on the same subject under identical conditions during which
the underlying HRR parameter can be considered as constant, we separated three consecutive stair
climbing activities by only 8 min rest periods. Ideally, variability in HRR parameter measurements
on the same subject should be ascribed to errors due to the measurement process itself. Nevertheless,
the separation of consecutive stair climbing activities by 8 min may influence HRR of the upcoming
stair climbing activity, and thus induce HRR parameter variation due to underlying physiological
changes. This reasoning is based on the known alteration in autonomic balance lasting up to 24 h
following low-intensity physical exercise [47].
The relatively young cohort of healthy participants, recruited to perform standardized stair
climbing, certainly limits the generalization of the study findings to other population groups. Elderly
individuals may prefer considerably different climbing patterns with different speed and rest intervals.
Since our study cohort was relatively young and obviously in a superior shape than most elderly
individuals, the lowest stepping rate of 48 steps per minute was selected as the minimal which can
still induce noticeable heart rate response to physical activity. Some elderly individuals may climb the
stairs at lower stepping rates, however, even that can be enough to cause considerable heart response.
This can be supported by the examples of stair climbing activities of elderly individuals (Figure 8),
which demonstrate that even low climbing rate (42–65 steps/min) induces substantial increase in
heart rate.
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Figure 8. Stair climbing activities from the elderly individuals, instructed to safely ascend the
stairs at their comfortable speed: (a) 74-year-old female, average stair climbing rate—61 steps/min,
(b) 72-year-old female, average stair climbing rate—65 steps/min, (c) 74-year-old female, average stair
climbing rate—42 steps/min. The black line stands for altitude.
Finally, since the current study included only healthy participants, this limits the extrapolation of
the results to those with autonomic dysfunction or cardiovascular disease.
5. Conclusions
This study demonstrates the feasibility to estimate heart rate recovery after stair climbing using
the wrist-worn device with embedded photoplethysmography and barometric pressure sensors.
According to the study results, the short-term time constant and the decay of heart rate in 1 min
after the recovery onset are the most accurate and repeatable parameters, whereas the time-constant
of exponential decay is least reliable. The proposed approach to monitoring HRR is expected to be
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valuable when combining with other information provided by personal health monitoring devices
(e.g., weight loss, physical activity), as well as have relevance when evaluating the efficiency of cardiac
rehabilitation program outside the clinical setting.
Sample Availability: The data samples acquired during stair climbing using a wrist-worn device are available
from the corresponding author on request.
Author Contributions: D.S. developed the method for assessment of heart rate recovery after stair climbing,
contributed to data collection, conducted data analysis, and wrote the first draft of the manuscript. A.P. designed
the study, interpreted the results, and revised the manuscript. S.D. developed the wrist-worn device.
A.R. contributed to data collection. B.P. conducted data analysis and revised the manuscript. V.M. developed
the concept of assessment of heart rate recovery after stair climbing using a wrist-worn device, and revised the
manuscript. All authors have read the submitted manuscript and approved the final version.
Funding: This work was supported by EU Structural Funds (agreement No. 01.2.2-LMT-K-718-01-0030).
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.
Abbreviations
The following abbreviations are used in this manuscript:
HRR Heart rate recovery
PPG Photoplethysmogram
ECG Electrocardiogram
References
1. Vivekananthan, D.P.; Blackstone, E.H.; Pothier, C.E.; Lauer, M.S. Heart rate recovery after exercise is a
predictor of mortality, independent of the angiographic severity of coronary disease. J. Am. Coll. Cardiol.
2003, 42, 831–838. [CrossRef]
2. Jouven, X.; Empana, J.P.; Schwartz, P.J.; Desnos, M.; Courbon, D.; Ducimetire, P. Heart-rate profile during
exercise as a predictor of sudden death. N. Engl. J. Med. 2005, 352, 1951–1958. [CrossRef] [PubMed]
3. Peçanha, T.; Silva-Júnior, N.D.; Forjaz, C.L. Heart rate recovery: Autonomic determinants, methods of
assessment and association with mortality and cardiovascular diseases. Clin. Physiol. Funct. Imaging 2014,
34, 327–339. [CrossRef]
4. Cole, C.R.; Blackstone, E.H.; Pashkow, F.J.; Snader, C.E.; Lauer, M.S. Heart-rate recovery immediately after
exercise as a predictor of mortality. N. Engl. J. Med. 1999, 341, 1351–1357. [CrossRef] [PubMed]
5. Mora, S.; Redberg, R.F.; Cui, Y.; Whiteman, M.K.; Flaws, J.A.; Sharrett, A.R.; Blumenthal, R.S. Ability of
exercise testing to predict cardiovascular and all-cause death in asymptomatic women. A 20-year follow-up
of the Lipid Research Clinics Prevalence Study. JAMA 2003, 290, 1600–1607. [CrossRef] [PubMed]
6. Aktas, M.; Ozduran, V.; Pothier, C.; Lang, R.; Lauer, M. Global risk scores and exercise testing for predicting
all-cause mortality in a preventive medicine program. JAMA 2004, 292, 1462–1468. [CrossRef]
7. Savonen, K.P.; Kiviniemi, V.; Laaksonen, D.E.; Lakka, T.A.; Laukkanen, J.A.; Tuomainen, T.P.; Rauramaa, R.
Two-minute heart rate recovery after cycle ergometer exercise and all-cause mortality in middle-aged men.
J. Intern. Med. 2011, 270, 589–596. [CrossRef] [PubMed]
8. Johnson, N.P.; Goldberger, J.J. Prognostic value of late heart rate recovery after treadmill exercise.
Am. J. Cardiol. 2012, 110, 45–49. [CrossRef] [PubMed]
9. Qiu, S.; Cai, X.; Sun, Z.; Li, L.; Zuegel, M.; Steinacker, J.M.; Schumann, U. Heart rate recovery and risk
of cardiovascular events and all-cause mortality: A meta-analysis of prospective cohort studies. J. Am.
Heart Assoc. 2017, 6, e005505. [CrossRef]
10. Okutucu, S.; Karakulak, U.N.; Aytemir, K.; Oto, A. Heart rate recovery: A practical clinical indicator of
abnormal cardiac autonomic function. Expert Rev. Cardiovasc. Ther. 2011, 9, 1417–1430. [CrossRef] [PubMed]
11. Guazzi, M.; Arena, R.; Halle, M.; Piepoli, M.F.; Myers, J.; Lavie, C.J. 2016 focused update: Clinical
recommendations for cardiopulmonary exercise testing data assessment in specific patient populations.
Circulation 2016, 133, 694–711. [CrossRef]
Sensors 2019, 19, 2113 13 of 14
12. Streuber, S.D.; Amsterdam, E.A.; Stebbins, C.L. Heart rate recovery in heart failure patients after a 12-week
cardiac rehabilitation program. Am. J. Cardiol. 2006, 97, 694–698. [CrossRef]
13. Adams, B.J.; Carr, J.G.; Ozonoff, A.; Lauer, M.S.; Balady, G.J. Effect of exercise training in supervised cardiac
rehabilitation programs on prognostic variables from the exercise tolerance test. Am. J. Cardiol. 2008, 101,
1403–1407. [CrossRef]
14. Hai, J.J.; Siu, C.W.; Ho, H.H.; Li, S.W.; Lee, S.; Tse, H.F. Relationship between changes in heart rate recovery
after cardiac rehabilitation on cardiovascular mortality in patients with myocardial infarction. Heart Rhythm
2010, 7, 929–936. [CrossRef]
15. Brinkworth, G.D.; Noakes, M.; Buckley, J.D.; Clifton, P.M. Weight loss improves heart rate recovery in
overweight and obese men with features of the metabolic syndrome. Am. Heart J. 2006, 152, 693.e1–693.e6.
[CrossRef] [PubMed]
16. Thomson, R.L.; Buckley, J.D.; Noakes, M.; Clifton, P.M.; Norman, R.J.; Brinkworth, G.D. Heart rate recovery
improves after weight loss in overweight and obese women with polycystic ovary syndrome. Fertil. Steril.
2010, 93, 1173–1178. [CrossRef]
17. Wasmund, S.L.; Owan, T.; Yanowitz, F.G.; Adams, T.D.; Hunt, S.C.; Hamdan, M.H.; Litwin, S.E. Improved
heart rate recovery after marked weight loss induced by gastric bypass surgery: Two-year follow up in the
Utah Obesity Study. Heart Rhythm 2011, 8, 84–90. [CrossRef] [PubMed]
18. Peçanha, T.; Bartels, R.; Brito, L. Methods of assessment of the post-exercise cardiac autonomic recovery:
A methodological review. Int. J. Cardiol. 2017, 227, 795–802. [CrossRef] [PubMed]
19. Lester, J.; Choudhury, T.; Borriello, G. A practical approach to recognizing physical activities. In proceedings
of the International Conference on Pervasive Computing, Dublin, Ireland, 7–10 May 2006; pp. 1–16.
20. Nam, Y.; Park, J.W. Child activity recognition based on cooperative fusion model of a triaxial accelerometer
and a barometric pressure sensor. IEEE J. Biomed. Health 2013, 17, 420–426.
21. Moncada-Torres, A.; Leuenberger, K.; Gonzenbach, R.; Luft, A.; Gassert, R. Activity classification based on
inertial and barometric pressure sensors at different anatomical locations. Physiol. Meas. 2014, 35, 1245–1263.
[CrossRef] [PubMed]
22. Massé, F.; Gonzenbach, R.R.; Arami, A.; Paraschiv-Ionescu, A.; Luft, A.R.; Aminian, K. Improving activity
recognition using a wearable barometric pressure sensor in mobility-impaired stroke patients. J. Neuroeng.
Rehabil. 2015, 12, 72. [CrossRef]
23. Sokas, D.; Petre˙nas, A.; Daukantas, S.; Rapalis, A.; Marozas, V. Photoplethysmography-based estimation
of heart rate recovery using a wrist-worn device. In Proceedings of the 16th Biennial Baltic Electronics
Conference (BEC), Tallinn, Estonia, 8–10 October 2018; pp. 1–4.
24. Aboy, M.; McNames, J.; Tsunami, D.; Ellenby, M.S.; Goldstein, B. An automatic beat detection algorithm for
pressure signals. IEEE Trans. Biomed. Eng. 2005, 52, 1662–1670. [CrossRef]
25. Gil, E.; Orini, M.; Bailón, R.; Vergara, J.M.; Mainardi, L.; Laguna, P. Photoplethysmography pulse
rate variability as a surrogate measurement of heart rate variability during non-stationary conditions.
Physiol. Meas. 2010, 31, 1271–1290. [CrossRef]
26. Scafer, A.; Vagedes, J. How accurate is pulse rate variability as an estimate of heart rate variability?: A review
on studies comparing photoplethysmographic technology with an electrocardiogram. Int. J. Cardiol. 2013,
166, 15–29. [CrossRef] [PubMed]
27. Hernando, D.; Roca, S.; Sancho, J.; Alesanco, Á.; Bailón, R. Validation of the Apple Watch for heart
rate variability measurements during relax and mental stress in healthy subjects. Sensors 2018, 18, 2619.
[CrossRef] [PubMed]
28. Golding, L.A. (Ed.) YMCA Fitness Testing and Assessment Manual, 4th ed.; Human Kinetics Publishers:
Champaign, IL, USA, 2000.
29. Pierpont, G.L.; Stolpman, D.R.; Gornick, C.C. Heart rate recovery post-exercise as an index of
parasympathetic activity. J. Auton. Nervous Syst. 2000, 80, 169–174. [CrossRef]
30. Bartels-Ferreira, R.; de Sousa, E.D.; Trevizani, G.A.; Silva, L.P.; Nakamura, F.Y.; Forjaz, C.L.; Lima, J.R.;
Peçanha, T. Can a first-order exponential decay model fit heart rate recovery after resistance exercise?
Clin. Physiol. Funct. Imaging 2015, 35, 98–103. [CrossRef]
31. Imai, K.; Saito, H. Vagally mediated heart rate recovery after exercise is accelerated in athletes but blunted in
patients with chronic heart failure. J. Am. Coll. Cardiol. 1994, 24, 1529–1535. [CrossRef]
Sensors 2019, 19, 2113 14 of 14
32. Arduini, A.; Gomez-Cabrera, M.C.; Romagnoli, M. Reliability of different models to assess heart rate
recovery after submaximal bicycle exercise. J. Sci. Med. Sport 2011, 14, 352–357. [CrossRef]
33. Bartlett, J.W.; Frost, C. Reliability, repeatability and reproducibility: Analysis of measurement errors in
continuous variables. Ultrasound Obstet. Gynecol. 2008, 31, 466–475. [CrossRef] [PubMed]
34. Kannankeril, P.J.; Le, F.K.; Kadish, A.H.; Goldberger, J.J. Parasympathetic effects on heart rate recovery after
exercise. J. Investig. Med. 2004, 52, 394–401. [CrossRef]
35. Coote, J.H. Recovery of heart rate following intense dynamic exercise. Exp. Physiol. 2010, 95, 431–440.
[CrossRef] [PubMed]
36. Nanas, S.; Anastasiou, M. Early heart rate recovery after exercise predicts mortality in patients with chronic
heart failure. Int. J. Cardiol. 2006, 2, 393–400. [CrossRef]
37. Maddox, T.M.; Ross, C.; Ho, P.M.; Masoudi, F.A.; Magid, D.; Daugherty, S.L.; Peterson, P.; Rumsfeld, J.S.
The prognostic importance of abnormal heart rate recovery and chronotropic response among exercise
treadmill test patients. Am. Heart J. 2008, 156, 736–744. [CrossRef] [PubMed]
38. Peçanha, T.; Prodel, E.; Bartels, R.; Nasario-Junior, O.; Paula, R.B.; Silva, L.P.; Laterza, M.C.; Lima, J.R.
24-h cardiac autonomic profile after exercise in sedentary subjects. Int. J. Sport Med. 2014, 35, 245–252.
[CrossRef]
39. Al Haddad, H.; Laursen, P.B.; Chollet, D.; Ahmaidi, S.; Buchheit, M. Reliability of resting and postexercise
heart rate measures. Int. J. Sport Med. 2011, 32, 598–605. [CrossRef] [PubMed]
40. Dupuy, O.; Mekary, S.; Berryman, N.; Bherer, L.; Audiffren, M.; Bosquet, L. Reliability of heart rate measures
used to assess post-exercise parasympathetic reactivation. Clin. Physiol. Funct. Imaging 2012, 32, 296–304.
[CrossRef]
41. Boullosa, D.A.; Barros, E.S.; del Rosso, S.; Nakamura, F.Y.; Leicht, A.S. Reliability of heart rate measures
during walking before and after running maximal efforts. Int. J. Sport Med. 2014, 35, 999–1005. [CrossRef]
42. Fecchio, R.Y.; Chehuen, M.; PeC´§anha, T.; Cucato, G.G.; Costa, L.A.R.; Leicht, A.S.; Ritti-Dias, R.M.;
Wolosker, N.; de Moraes Forjaz, C.L. Reproducibility of heart rate recovery in patients with intermittent
claudication. Clin. Physiol. Funct. Imaging 2018, 38, 603–609. [CrossRef]
43. Johar, P.; Grover, V.; DiSanto, M.C.; Button, D.C.; Behm, D.G. A rapid rotation to an inverted seated posture
inhibits muscle force, activation, heart rate and blood pressure. Eur. J. Appl. Physiol. 2013, 113, 2005–2013.
[CrossRef]
44. Rapalis, A.; Petre˙nas, A.; Šimaityte˙, M.; Bailón, R.; Marozas, V. Towards pulse rate parametrization during
free-living activities using smart wristband. Physiol. Meas. 2018, 39, 055007. [CrossRef] [PubMed]
45. Bean, J.F.; Kiely, D.K.; LaRose, S.; Alian, J.; Frontera, W.R. Is stair climb power a clinically relevant measure
of leg power impairments in at-risk older adults? Arch. Phys. Med. Rehabil. 2007, 88, 604–609. [CrossRef]
[PubMed]
46. Ng, S.; Ng, H.; Chan, K.; Lai, J.; To, A.; Yeung, C. Reliability of the 12-step ascend and descend test and its
correlation with motor function in people with chronic stroke. J. Rehabil. Med. 2013, 45, 123–129. [CrossRef]
[PubMed]
47. Stanley, J.; Peake, J.M.; Buchheit, M. Cardiac parasympathetic reactivation following exercise: Implications
for training prescription. Sport Med. 2013, 43, 1259–1277. [CrossRef]
c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
